Aims Impaired diastolic function is responsible for many of the clinical features of hypertrophic cardiomyopathy. In patients with hypertrophic obstructive cardiomyopathy (HOCM) whose symptoms are refractory to medical therapy, alcohol septal ablation (ASA) reduces left ventricular (LV) outflow tract gradient, with short-term improvement in LV diastolic function. Little is known about the longer term impact of ASA on diastolic function.
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Methods and results
We evaluated LV diastolic function at baseline and 1-and 2-year follow-up after successful ASA. In 30 patients (58 + 15 years, 22 men) who underwent successful ASA, New York Heart Association class was lower at 1-year follow-up compared with baseline (3.0 + 0.5 to 1.5 + 0.7; P , 0.0001). LV outflow tract gradient (76 + 37 to 19 + 12; P , 0.0001), interventricular septal thickness (19 + 2 to 14+ 2; P , 0.0001), and left atrial volume (26 + 5 to 20 + 4; P , 0.0001) were decreased. Significant improvement in E-wave deceleration time, isovolumic relaxation time, early diastolic mitral lateral annular velocity (E 0 ), mitral inflow propagation velocity (V p ), ratio of transmitral early LV filling velocity (E) to early diastolic Doppler tissue imaging of the mitral annulus (E/E 0 ), and E/V p were observed at 1 year following successful ASA. These changes persisted in the subset cohort (n ¼ 21) for whom 2-year data were available. Conclusion Successful ASA for HOCM leads to significant and sustained improvement in echocardiographic measures of diastolic function, which may contribute to improved functional status after successful ASA.
Introduction
Hypertrophic obstructive cardiomyopathy (HOCM) is a disorder of the heart characterized by dynamic left ventricular (LV) outflow tract (LVOT) obstruction, mitral regurgitation, and diastolic dysfunction. 1 Many of the clinical and pathophysiological features of HOCM result from diastolic dysfunction. 2, 3 In patients with HOCM whose symptoms are refractory to optimal medical therapy, alcohol septal ablation (ASA) is an alternative to surgical myomectomy. 4 ASA results within 3-6 months in symptomatic improvement through a number of mechanisms, including remodelling of the upper septum with enlargement of the LVOT and reduction in LVOT gradient, reduction in mitral regurgitation severity, and improvement in LV diastolic function. [5] [6] [7] [8] [9] [10] [11] Little is known about the longer term impact of ASA on diastolic function in HOCM. 12, 13 The current study was designed to assess both conventional and novel Doppler echocardiographic measurements of diastolic function before and at 1-and 2-year follow-up after ASA.
Methods

Patient population
Between 2001 and 2004, 57 consecutive patients with HOCM underwent ASA at Massachusetts General Hospital, Boston, MA, USA. We excluded 27 patients because of inability to deliver ethanol (six cases) or incomplete diastolic echocardiographic parameters (21 cases). The final cohort included 30 patients in whom diastolic echocardiographic parameters were available at baseline and 1-year follow-up for evaluation. A subset of 21 patients also had 2-year follow-up. Selection criteria for ASA were: (i) symptoms that interfere substantially with quality of life despite optimal medical therapy; (ii) septal thickness !16 mm; (iii) LVOT gradient !30 mmHg at rest or !50 mmHg with provocation; (iv) accessible septal branches, usually of the left anterior descending coronary artery; (v) the absence of significant intrinsic abnormality of the mitral valve and other conditions for which cardiac surgery was indicated. ASA was performed as previously described. 14 ASA success was defined as an improvement in New York Heart Association (NYHA) class and a reduction in LVOT gradient by at least 50%.
Echocardiograpy
Parasternal and apical views were obtained using a standard echocardiograph (Philips Sonos 7500, Andover, MA, USA) with a multifrequency transducer and tissue Doppler capability. Standard twodimensional images, M-mode, spectral and colour Doppler, and Doppler tissue imaging (DTI) were performed. A single observer (D.S.J.), blinded to the clinical data, analysed the echocardiographic images offline.
LV interventricular septal thickness (IVS), posterior wall thickness, cavity dimensions and volumes, and left atrial size indexed to body surface area were determined from two-dimensional images according to established criteria including the modified Simpson's method. 15 Continuous-wave Doppler was used to measure the peak velocity across the LVOT in the apical fivechamber or long-axis view, and the peak pressure gradient was estimated using the simplified Bernouilli equation. The ratio of the mitral regurgitant jet to the left atrial cavity was measured with two-dimensional colour flow Doppler imaging as a qualitative index of the severity of mitral regurgitation (mild ¼ 1, moderate ¼ 2, moderate to severe ¼ 3, and severe ¼ 4). 16 LV diastolic function was assessed using both conventional and novel diastolic parameters. Transmitral LV filling velocity at the tips of the mitral valve leaflets was obtained from the apical fourchamber view using pulsed-wave Doppler echocardiography. The transmitral LV filling signal was traced manually and the following variables were obtained: peak early (E) and late (A) transmitral velocities, E/A ratio, and E-wave deceleration time. Isovolumic relaxation time was determined by the time interval between the end of aortic outflow during systole and the onset of mitral inflow during diastole.
Doppler tissue imaging indices were measured in early diastole (E 0 ) and with atrial contraction (A 0 ) at the lateral region of the mitral annulus. Colour M-mode Doppler image of LV filling flow in early diastole was obtained from the apical four-chamber view. Flow propagation velocity (V p ) was determined as the slope of peak velocity of early diastolic filling flow on the colour M-mode image. 17 Finally, the dimensionless indices E/E 0 and E/V p were calculated. 18, 19 The estimated left atrial pressure was subsequently calculated as E/E 0 Â 1.25 þ 1.9.
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Statistics
The data are summarized as mean + SD or number (percentage). x 2 and Fischer exact tests were applied to compare categorical variables. Paired t-test was used to compare echocardiographic parameters at baseline and 1-year follow-up. Repeated measures of ANOVA with post hoc comparisons were applied to evaluate mean changes at different time points for patients with 2-year follow-up. Significance levels were adjusted for multiple comparisons using the Bonferroni correction and, therefore, P-value of ,0.002 was considered significant. The change in IVS following ASA was compared with changes in both conventional and novel LV diastolic parameters by simple linear-regression analysis. A P-value of ,0.05 was considered significant. The Statistical Analysis System 8.01 (SAS Institute, Cary, NC, USA) was used to perform the analysis.
Results
Baseline characteristics
The age of the study patients in the entire group (n ¼ 30) was 58 + 15 (range 32-82 years, 22 men) and in the subset with 2-year follow-up (n ¼ 21), it was 58 + 16 (range 32 to 82 years, 17 men) ( Tables 1 and 2 ). The mean NYHA class was 3.0 + 0.5 prior to ASA despite optimal medical therapy that consisted of beta-blockers in 25 (83%) patients, calcium-channel blockers in 15 (50%), and/ or disopyramide in three (10%). All patients had baseline resting LVOT gradients .30 mmHg (76 + 37, range 31-200 mmHg).
Effect of ASA on NYHA functional class NYHA class decreased from 3.0 + 0.5 to 1.5 + 0.7 at 1-year (P , 0.0001) ( Figure 1 ) and continued to improve in the subset cohort at 2-year follow-up (Tables 1 and 2 ). During follow-up, medications were not significantly different from those at baseline (Tables 1 and 2 ). In the short-term follow-up of these HOCM patients following ASA, the medications (particularly beta-blockers) are held constant, whenever possible, so as to isolate the effect of the ablation itself.
Effect of ASA on left heart dimensions and haemodynamics LV outflow tract gradients decreased from 76 + 37 to 19 + 12 mmHg (P , 0.0001) at 1-year follow-up and from 75 + 34 to 18 + 13 mmHg (P , 0.0001) at 2-year follow-up. In addition, the degree of mitral regurgitation decreased (2.6 + 0.5 to 1.4 + 0.5, P , 0.001, at 1-year follow-up and 2.4 + 0.5 to 1.3 + 0.5, P , 0.001, at 2-year follow-up).
Changes in left heart dimensions in patients with HOCM at 1-and 2-year follow-up are shown in Tables 1 and 2, respectively. Although there was no significant difference in posterior wall thickness over time, basal IVS significantly decreased following ASA (19+2 to 14 + 2 mm, P , 0.0001). Both left atrial volume indexed to body surface area (26+5 to 20 + 4 mL/m 2 , P ¼ 0.0002) and Doppler-derived left atrial pressure (21+5 to 14 + 3 mmHg, P , 0.0001) were significantly reduced following ASA at 1 year, and this change was sustained in the subset population with 2-year follow-up. Additionally, there was a significant increase in LV end-diastolic volume indexed to body surface area (57 + 10 to 72 + 11 mL/m 2 , P , 0.0001).
Effect of ASA on diastolic dysfunction parameters Figure 2 illustrates examples of mitral inflow, DTI, and propagation velocity (V p ) parameters at baseline and 1-year follow-up in the same patient. All 30 patients had abnormal diastolic function at baseline, either having a pseudonormal pattern (n ¼ 21) or a delayed relaxation pattern (n ¼ 9). There was no significant change in mean transmitral E-wave, transmitral A-wave, or E/A ratio after ASA. E deceleration time and isovolumic relaxation time were, however, significantly shorter and normalized 1 year after ASA ( Table 1) . This improvement was sustained at 2 years ( Table 2) . DTI parameters of diastolic function were abnormal in all patients at baseline and were improved up to 2 years following ASA ( Table 2) . Similar trends in diastolic parameters were observed in the same patient. The lateral mitral annular velocity (E 0 ) improved after ASA (6.5 + 1.8 to 8.7 + 2.3 cm/s, P , 0.0001, at 1 year; 6.8 + 1.8 to 8.2 + 2.7 cm/s, P , 0.05, at 2 years). Flow propagation (V p ) velocity, which was abnormally delayed prior to treatment, increased to the normal range at follow-up (34 + 6 to 63 + 12 cm/s, P , 0.0001, at 1 year; 35 + 7 to 68 + 14 cm/s, P , 0.0001, at 2 years). There was a weak but significant correlation between the reduction in IVS following ASA and the improvement in V p at 1 year (r ¼ 0.45, P ¼ 0.02, Figure 3) . Both E/E 0 and E/V p showed improvement at 1 and 2 years after ASA. Heart rate and sweep speeds are similar at both time points. E, mitral E velocity; A, mitral A velocity; E 0 , early diastolic velocity of the lateral annulus; A 0 , late diastolic velocity of the lateral annulus; V p , propagation velocity. 
Discussion
Although many patients with HOCM are asymptomatic throughout life, some present with limiting symptoms of exertional dyspnoea, which likely results in large part from diastolic dysfunction. 2, 3 A spectrum of diastolic abnormalities, including an increase in mean left atrial and LV enddiastolic pressures, a prolonged time constant of relaxation, and increased myocardial stiffness, have been described in HOCM patients. 21 Although Nagueh et al. 12 demonstrated improvement in diastolic function up to 6 months after ASA, our study extends this to demonstrate the longer term effect of ASA, with persistence of the improvement in echocardiographic indices of diastolic function up to 2 years after a successful procedure.
Conventional diastolic dysfunction parameters
Many non-invasive approaches have been used to detect diastolic dysfunction in patients with HOCM, and analysis of the transmitral flow velocity pattern has been most often used. 22, 23 The transmitral Doppler flow (E-wave, A-wave, E/A ratio) is strongly influenced by factors such as age and loading conditions and thus may be unreliable for estimating LV filling pressures in HOCM patients. 21 There is an inconsistent relationship between conventional diastolic indices and the severity of LV hypertrophy, LV end-diastolic pressure, and exercise tolerance in HOCM patients. [24] [25] [26] These limitations of conventional Doppler indices in HOCM patients are also reflected in our study. With the exception of deceleration time and isovolumic relaxation time, no other conventional parameter improved following ASA despite an improvement in NYHA functional class.
Both deceleration time and isovolumic relaxation time were prolonged at baseline in our HOCM patients and normalized following ASA at 1-and 2-year follow-up. These diastolic parameters are primarily affected by both left atrial pressure and myocardial relaxation. Either an increase in left atrial pressure or a faster rate of ventricular relaxation can result in shortening of the isovolumic relaxation time and a steeper E-wave deceleration rate. 27 Our study demonstrated that estimated left atrial pressure (E/E 0 and E/V p ) significantly decreased following ASA. This finding suggests that the normalization of deceleration time and isovolumic relaxation time was due not to higher filling pressures but rather to an improvement in myocardial relaxation. Importantly, the improvement in V p in our patient cohort further supports the normalization of ventricular relaxation following ASA.
Doppler tissue imaging
Recently, newer echocardiographic modalities such as Doppler tissue imaging have demonstrated clinical relevance among patients with a variety of myocardial disorders. In HOCM patients, Doppler tissue imaging has been demonstrated to predict gene mutations, to be an accurate noninvasive means of assessing left atrial filling pressure due to less load dependence, and to correlate with response to specific therapeutic interventions for the disease. 28, 29 Early diastolic mitral annular velocity (E 0 ) has been proposed to be a useful index for the evaluation of LV relaxation in patients with HOCM. 23 Matsumura reported that HOCM patients have lower early diastolic Doppler tissue imaging velocities (E 0 ) than age-and gender-matched controls, 26 a finding confirmed in our HOCM patients at baseline. Nagueh et al. 12 previously demonstrated a modest improvement in lateral E 0 at 6 months following ASA; our study confirmed sustained improvement of E 0 up to 2 years following after the procedure.
LV early diastolic flow propagation velocity (V p ) measured by colour M-mode Doppler echocardiography is a useful index of LV diastolic function and correlates with the time constant of myocardial relaxation, t, in patients with HOCM. 17 Nishihara et al. 17 compared HOCM patients with age-and gender-matched controls and demonstrated that V p was abnormally low in HOCM patients compared with the normal value of .55 cm/s, reflecting the abnormal myocardial relaxation properties of the small LV cavities. Our study is the first to demonstrate sustained improvement in V p following ASA, again reflecting improved diastolic function after the procedure. The normalization of V p likely results from ventricular remodelling observed following ASA, with both regression of hypertrophy and an increase in LV end-diastolic volume. This finding is supported by the correlation noted between reduction in IVS following ASA and improvement in V p in our patient population.
Left atrial volumes
Left atrial enlargement is a marker of disease severity in patients with HOCM. 12, 30 Woo et al. 30 recently demonstrated that a left atrial diameter .46 mm is a predictor of overall mortality in patients undergoing myomectomy for HOCM. Enlargement of the left atrial chamber in HOCM patients reflects the extent of mitral regurgitation, elevation in left atrial and LV pressures, and abnormal diastolic filling. 30, 31 Recently, van Dockum et al. 32 demonstrated, using cardiac magnetic resonance imaging, a significant decrease in left atrial dimension 6 months after ASA.
All 30 patients in our study had increased left atrial volumes indexed to body surface area at baseline, reflecting advanced diastolic dysfunction and chronically high filling pressures. 29 Following successful ASA, both left atrial volume and the degree of mitral regurgitation were reduced and there was a concomitant significant reduction in estimated left atrial pressure (E/E 0 and E/V p ). Our study thus is the first to demonstrate sustained reduction in left atrial dimensions in patients with 2-year follow-up. 
Limitations
The primary limitation of this study is the small sample size. Larger studies are thus needed in order to make more substantive conclusions regarding the relationship of diastolic parameters and functional improvement in HOCM patients following ASA.
Conclusion
In patients with HCM and basal obstruction, echocardiographic indices of diastolic function improve after ASA. These favourable changes are sustained for up to 2 years after the procedure. The improvement in LV relaxation and decrease in left atrial and LV filling pressures may contribute to the improvement in symptoms and exercise tolerance of patients with HOCM managed with ASA.
